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Abstract 
Our work on the potential of oxidative biocatalysts in eucalypt biorefinery, including cellulose and 
biofuel production, is revised in the context of related studies. Organisms selectively degrading lignin from 
eucalypt wood are ideal models for these biotechnological applications. Among them, the white-rot fungus 
Ceriporiopsis subvermispora has been largely investigated for eucalypt "biopulping" (in combination with 
mechanical and chemical processes). Its recently sequenced genome provided us interesting information of 
the oxidative enzymes involved in wood decay. A large number of studies have been reported on these 
enzymes for "biobleaching" of eucalypt pulps, most of them focusing on the so-called laccase-mediator 
system. In collaboration with Novozymes, its industrial feasibility was demonstrated by using optimized 
doses of a commercial laccase and a phenolic mediator, with the double advantage of simultaneously 
removing lignin (responsible for pulp color) and lipids (causing pitch deposits). Recently, we showed that 
laccase, in the presence of mediators, is also able to remove lignin from eucalypt wood, in the absence of 
chemical pretreatments, resulting in increased saccharification and ethanol yields. In this case, lignin 
modification and selective removal were followed by a new procedure enabling 2D NMR analysis of the 
whole material at the gel stage. The availability of enzyme engineering tools, including directed evolution in 
addition to rational design, in combination with high-throughput methods and computational design is 
enabling us to optimize oxidative enzymes for efficient oxidation of different target substrates. 
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Introduction 
An overview of results obtained at CIB (Madrid) and IRNAS (Seville) during over fifteen years working 
in biotechnology for eucalypt biorefinery (cellulose and bioethanol production) is presented in the general 
context of studies available in this field. These results were obtained in collaboration with ENCE (Pontevedra, 
Spain) and, since 2010, with Suzano (Brazil). Many of them also included Novozymes (Denmark) as the 
world leader in industrial enzymes. The aim was to develop industrial biocatalysts for the removal of lignin, 
the first bottleneck for using wood fibers/carbohydrates in lignocellulose biorefinery, and lipophilic extractives 
(mainly free/conjugated sterols in eucalypt and other hardwoods) causing troubles in the chlorine-free 
production of bleached cellulose pulp. 
Industrial biotechnology is one of the six key-enabling technologies (KETs) identified in Horizon 2020 
[1] and other RTD programmes of the European Commission (EC), for their potential impact in strengthening 
Europe's industrial and innovation capacity. On the other hand, the design and operation of lignocellulose 
biorefineries is considered by the EC and the bio-based industries (http://biconsortium.eu) as a priority to 
attain a sustainable economy in Europe. Both priorities were combined in the present studies, supported by 
the EC projects BIORENEW (http://www.biorenew.org), PEROXICATS (http://www.peroxicats.org) and 
INDOX (http://www.indoxproject.eu), coordinated by the CSIC (Spain), and LIGNODECO 
(http://www.lignodeco.com.br), coordinated by the University of Viçosa (Brazil), among others. 
 
Eucalypt decaying fungi and their genomes 
The so-called "white-rot" basidiomycetes are responsible for the natural degradation of lignin in 
forests. Therefore, these fungi (and their enzymes) are the biocatalysts of choice in wood biorefinery. One 
fungus with special biotechnological relevance for wood delignification is Ceriporiopsis subvermispora, 
whose genome was sequenced by Fernández-Fueyo et al [2] to better understand the enzymes responsible 
for its ability to degrade "selectively" both softwood and hardwood lignin [3,4]. As described by Martínez et al. 
[5], C. subvermispora differs from most white-rot fungi that degrade wood lignin and polysaccharide 
"simultaneously" and from "brown-rot" fungi that degrade polysaccharides with only a limited modification of 
wood lignin. Interestingly, C. subvermispora was also the best species for delignification of eucalypt wood, 
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and removal of pitch-forming lipids in "bio-kraft" pulping of eucalypt wood, as shown by del Río et al. [6], and 
Gutiérrez et al. [7], respectively. Therefore, this fungus has been assayed at the pilot scale in a variety of 
studies for the biological pulping (biopulping) of eucalypt wood, in combination with other chemical and 
mechanical methods [8-13]. 
An in depth analysis of the C. subvermispora genome revealed the presence of genes encoding lignin 
peroxidase (LiP), the first lignin-degrading enzyme identified in white-rot fungi [14], that was previously 
unknown in this species but whose ligninolytic capabilities on synthetic lignin were demonstrated by 
Fernández-Fueyo et al. [15] after heterologous expression of the genes from the sequenced genome. 
Fernández-Fueyo et al. [2] also showed an amazing expansion in the number of genes of the so-called 
manganese peroxidase (MnP) [16], which were overexpressed in lignocellulose medium together with genes 
involved in the biosynthesis of unsaturated fatty acids. These results together suggest that lipid peroxidation 
radicals, which are able to degrade non-phenolic lignin model dimers [17], would also be involved in lignin 
degradation by this fungus [18], in agreement with results obtained during eucalypt wood treatment [19,20]. 
Genes of the third family of peroxidases described in white-rot fungi, versatile peroxidases (VP), were also 
identified in the genome of C. subvermispora by Fernández-Fueyo et al. [15]. Since VPs combine the 
catalytic (and structural) properties of LiPs and MnPs, as described by Ruiz-Dueñas et al. [21], their 
contribution to lignin degradation by this fungus could include those described above for the two other 
peroxidase families.  
 
Oxidative enzymes for the eucalypt mill 
Comparison of genomes of 14 basidiomycetes by Floudas et al. [22] provided evidence on the central 
role of peroxidases (of the LiP, VP and MnP families) in ligninolysis since the corresponding genes were 
present in all the sequenced lignin-degrading (white-rot) species and absent from all the cellulose-degrading 
(brown-rot) species. The only claimed exception for this paradigm [23] concerns a few basidiomycetes with 
very limited wood-decaying ability that cannot be properly classified as either white-rot of brown-rot fungi 
[24]. Different studies have been reported [25-29] on the application of the above peroxidases as 
delignification/bleaching biocatalysts, including "biobleaching" of eucalypt pulp [30-32]. Among them, 
Marques et al. [33] reported the use of VP for regeneration of Mn-containing polyoxometalates efficiently 
delignifying eucalypt pulp. The recently discovered dye-decolorizing peroxidases (DyPs), whose presence in 
lignin-degrading basidiomycetes has been recently revised by Linde et al. [34], have also been assayed for 
eucalypt pulp biobleaching [35]. 
Unfortunately, ligninolytic and other peroxidases present serious drawbacks for industrial 
delignification due to inactivation by the H2O2 required as electron acceptor, and low industrial production 
levels. Laccases are a second group of fungal oxidoreductases that only require O2 as electron acceptor, 
and are already commercially produced at low cost. They have lower redox potential than peroxidases but 
can degrade a range of recalcitrant aromatic substrates in the presence of redox mediators, as discussed by 
Cañas and Camarero [36]. The latter confers special biotechnological interest to these enzymes for 
biorefinery and other industries, especially after showing that some natural (lignin related) phenols can play 
the mediating role for the removal of both pulp lignin and extractives, as shown by Camarero et al. [37] and 
Gutiérrez et al. [38], respectively. Laccase alone would be able to oxidize (and degrade) only the minor 
phenolic units present in lignin, however, in the presence of redox mediators also the non-phenolic lignin 
would be degraded [39]. 
From its discovery by Bourbonnais and Paice [40], a huge number of studies described application of 
the laccase-mediator system for biobleaching (and removal of hexenuronic acids) from eucalypt (and other) 
pulps by Ibarra et al. [41,42] and many others [43-56]. The chemical modification of eucalypt pulp lignin 
during the laccase-mediator and subsequent bleaching stages has been described by Ibarra et al. [42] by 
analyzing the (isolated) residual lignin using 2D NMR, the state-of-the-art technique for the structural 
characterization of polymeric lignin (see del Río et al., this ICEP), and by Du et al. [57] by isolating different 
lignin carbohydrate complexes. Then, Babot et al. [58] showed the industrial feasibility of eucalypt (kraft) 
pulp biobleaching by using optimized doses of an already commercial laccase (from the fungus 
Myceliophthora thermophila) and a low-cost phenolic mediator (methyl syringate), and the process was 
successfully scaled-up by Burnett et al. [59]. 
An important observation by Gutiérrez et al. [60] was that lipophilic extractives (mainly constituted by 
free and conjugated sterols in eucalypt species) were efficiently degraded at the same time that the lignin 
content was reduced in laccase-mediator treatment of eucalypt kraft pulp. This simultaneous removal could 
be followed by a microcopy method optimized by Speranza et al. [61,62]. The above eucalypt extractives are 
not removed during application of lipases commercialized for control of pitch troubles in softwood 
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mechanical pulps, since these enzymes are only efficient hydrolyzing triglycerides, as discussed by 
Gutiérrez et al. [63-65]. Interestingly, Gutiérrez et al. [66] observed a similar removal of the pitch-forming 
extractives for other types of pulps and raw materials after the laccase-mediator treatment. Moreover, as 
shown for pulp biobleaching, natural (lignin related) phenolic mediators can be used for pulp "biodepitching", 
as shown by Gutiérrez et al. [38], contributing to the industrial feasibility of a simultaneous 
biobleaching/biodepitching treatment of eucalypt pulp reported by Babot et al. [58]. The mechanism of 
laccase-mediator degradation of lipophilic extractives has been investigated by Molina et al. [67], using 
model compounds representative for those present in eucalypt and other pulps, which were degraded with 
different rates. Interestingly for pulp treatment, the results from compound mixtures revealed that 
unsaturated fatty acids contribute to degradation of recalcitrant lipophilic extractives via reactive lipid 
peroxidation radicals formed by the laccase-mediator treatment. 
Although their action is not directed toward the lignin polymer, xylanases were the first enzymes to be 
applied in the pulp mill following Viikari et al. [68], together with lipases discussed above, and different 
studies report their application to eucalypt pulps for enzyme-aided biobleaching, sometimes in combination 
with laccases [69-74]. 
 
Recent studies: Enzymes for eucalypt biorefinery 
Recently, Rico et al. [75] demonstrated that the same enzymatic systems used for pulp delignification 
(including laccases and different redox mediators) can remove lignin when applied directly on (milled) 
eucalypt wood, resulting in improved saccharification and higher ethanol yield, in biorefinery applications. 
While our previous studies on modification of eucalypt lignin cited above were performed after isolation of 
the residual lignin from pulp, Rencoret et al. [76] showed that lignin in eucalypt wood (and other 
lignocellulosic materials) can be directly (without extraction) studied by forming a gel (with the finely milled 
material) in deuterated dimethylsulfoxide, which can be analyzed by 2D NMR (in the so-called HSQC 
experiments). The enzymatic modification of lignin and hemicelluloses can be followed in these spectra 
since the main diagnostic signals do not significantly overlap, while cellulose signals are largely "silent" due 
to lack of mobility of this polymer (see del Río et al., this ICEP). This new analytical tool opens new 
possibilities in delignification studies as described by Martínez et al. [77] and others [78]. 
Taking advantage from the above possibility, the structural modification of eucalypt wood lignin by 
laccases (in the presence of different mediators) has been thoroughly analyzed by Rico et al. [79] using 2D-
NMR of the pretreated material at the gel state. Among the different changes observed in the 
aromatic/unsaturated and aliphatic-oxygenated regions of the eucalypt wood spectrum (which include the 
lignin units and inter-unit linkages, respectively), the most significant ones were: i) the decrease of all lignin 
signals without a decrease of the carbohydrate signals; and ii) the noteworthy increase of α-oxidized lignin 
units that, in some cases, represent over 60% of the (modified) lignin polymer. The resulting α-keto non-
phenolic β-O-4' lignin substructures are labile under alkaline conditions [80], and the enzymatic 
delignification of eucalypt wood was significantly improved when followed by an alkaline extraction. Both 
synthetic and "natural" laccase mediators (such as 1-hydroxybenzotriazole - HBT - and methyl syringate, 
respectively) resulted in the same type of lignin modification, although a multi-stage treatment sequence is 
required for significant delignification when methyl syringate was used (while the most significant changes 
with HBT were produced in the first enzyme-extraction cycle). 
It is important to keep in mind that natural enzymes are far from optimally operate under industrially-
relevant conditions but modern molecular biology tools, such as directed molecular evolution in addition to 
rational design, permit to improve the desired activity or operation properties, as described by Pardo and 
Camarero [81]. This allowed us to obtain tailor-made fungal laccases and peroxidases for specific industrial 
applications, as shown by Camarero et al. [82] and Martínez et al. [83], respectively. With this purpose, new 
methods for detecting the desired activities are being developed by Pardo et al. [84] to be used in high-
throughput screening protocols. Moreover, the possibility to obtain chimeric enzymes with improved 
properties in terms of pH activity and thermostability has been shown by Pardo et al. [85] using two different 
parent laccases. In the case of peroxidases, recent studies by Sáez-Jiménez et al. [86] provided relevant 
clues about how to solve one of the main drawbacks, mentioned above, for the development of industrial 
applications based on ligninolytic peroxidases: i.e. their "suicide" inactivation by hydrogen peroxide. 
Finally, it is interesting to mention that the current availability of massive computation facilities is 
enabling us to use computational design - including (dynamic) substrate diffusion and docking at the active 
site and electronic (quantum mechanics) calculations - in collaboration with BSC (http://www.bsc.es) as 
described by Monza et al. [87]. 
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Conclusions 
Biotechnological tools exist for both eucalypt "biopulping" and "biobleaching" (the latter including 
biological control of pitch). Some of them have also shown their potential in biofuel production from eucalypt 
wood. Some commercial enzymes are already available for these applications and more efficient variants 
are under development using directed evolution and other enzyme engineering tools. 
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